ABSTRACT Biological bases for sexual differences in the brain exist in a wide range of vertebrate species, including chickens. Recently, the dogma of hormonal dependence for the sexual differentiation of the brain has been challenged. We examined whether sexually dimorphic gene expression in the brain precedes gonadal differentiation. Using the Affymetrix GeneChip Chicken Genome Array, we identified 42 female-and 167 male-enhanced genes that were differentially expressed in sex-specific brains from stage 29 chicken embryos. To confirm the efficacy of the microarray, and to investigate the stage-specific expression patterns of the identified genes, we used quantitative real-time PCR analysis. Our real-time PCR results for the differentially expressed genes agreed well with our microarray results. Thus, we postulate that these genes have potential roles in the sexual differentiation of neural function and development in chickens.
INTRODUCTION
In many vertebrate species, including chickens, sex differences in brain development and the reproductive system arise at certain stages, with earlier development of the gonads and later differentiation of the brain. In vertebrates, the primary event in sex determination is the development of the gonads from bipotential, undifferentiated gonads into testes or ovaries, triggered by the actions of the testis-determining gene sex-determining region Y (SRY; a transcription factor located on the Y chromosome; Sinclair et al., 1990; Veitia et al., 2001) . In chickens, unlike in mammals, the sex chromosomes are ZZ in males and ZW in females. It is presently unclear whether it is the presence of the W chromosome in females, the double dose of the Z chromosome in males, or both of these characteristics that determines sex in chickens (Smith and Sinclair, 2004) . After sex is determined, gonadal hormones secreted by the developing gonads influence the nongonadal tissues (Schlinger, 1998) . The embryonic brain is exposed to hormones that organize the neural tissue to react in a specific manner to hormones later in life (Ottinger, 1989) . These gonadal hormones are responsible for the sexual differentiation of the brain. Testosterone and its metabolites cause male and female brains to develop differently. In particular, the roles of testosterone, acting directly on the brain or after its conversion to estradiol, have been studied thoroughly, and it has been shown to have a considerable effect on the development of sex-specific structures by organizing the neural circuitry to promote typical male behavior (Negri-Cesi et al., 2004) .
However, recent studies have challenged the classic dogma of the dependence of brain sexual differentiation on gonadal hormones. Recent evidence indicates that gonadal hormones are not solely responsible for sex differences in brain development. These findings suggest that not all brain sexual dimorphism is attributable to gonadal hormones but that it may be influenced by genetic mechanisms, such as dimorphic expression of the sex chromosomes in mice (Carruth et al., 2002; Dewing et al., 2003) , chickens (Scholz et al., 2006) , and zebra finches (Wade et al., 1999) . In particular, research involving gynandromorphic zebra finches, in which the right half of the brain is genetically male whereas the other half is genetically female even though both halves of the brain developed in the same gonadal hormonal environment, indicates that genetic sex contributes to the sexual differentiation of the brain (Agate et al., 2003b) . In this study, we examined possible genetic influences, such as dimorphic gene expression in the brain, and their possible involvement in sex differentiation, by determining if any genes were differentially expressed in male and female brains at stage 29 (6 to 6.5 d of incubation), when bipotential, undifferentiated gonads exist and before the influence of gonadal hormones is felt. Using the Affymetrix GeneChip Chicken Genome Array (Affymetrix, Santa Clara, CA), we identified differentially expressed genes in sex-specific brains from stage 29 (6 to 6.5 d of incubation) chicken embryos. We postulate that these genes have roles in the sexual differences in neural function and development in chickens.
MATERIALS AND METHODS

Sample Preparation
White Leghorn chicken embryos were incubated at a RH of 60 to 70% at 37.8°C (Hamburger and Hamilton, 1951) . To determine the sex of the embryos, a small window was made on the sharp end of 2.5-to 3-d-old eggs and 1 to 2 μL of blood was drawn and boiled. The egg window was sealed twice with Parafilm (Whatman, UK), then the egg was laid down with the sharp end at the bottom until stage 29. For direct genetic sexing, the boiling conditions were 95°C for 10 min, followed by 5 cycles at 94°C for 5 min and 55°C for 5 min. The genetic sex of the embryos was determined by PCR amplification of W chromosome-specific repeat sequences and reference genes such as β-actin from the boiled blood template. The W chromosome-specific repeat sequence primers 5′-CATTGCCTACCACATTCCTATTTGC-3′ and 5′-AGCTGGACTTCAGACCATCTTCT-3′ and the β-actin-specific primers 5′-GGTGGAGACCA-AGTGAGATA-3′ and 5′-CAGCCTCCTGTTCTACT-GAC-3′ were used. Polymerase chain reaction was performed on an iCycler thermal cycler (Bio-Rad, Hercules, CA). The conditions were denaturation at 94°C for 5 min followed by 35 cycles at 94°C for 30 s, 58°C for 30 s, and 72°C for 40 s, followed by 5 min at 72°C. For the microarray experiment, samples of stage 29 brains were homogenized and total RNA from both genetic male and female brains was isolated using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The quality of the RNA was assessed by agarose gel electrophoresis after purification with an RNeasy kit (Qiagen, Valencia, CA; Lee et al., 2007) , whereas the quantity was determined by spectrophotometry at 260/280 nm. The extracted total RNA was used for gene expression analysis on an Affymetrix GeneChip Chicken Genome Array containing 38,535 probes. Total brain RNA for stage-specific quantitative real-time PCR at the 4-, 6-, and 8-d and hatched stages was isolated using the same method.
Data Generation
All analyses were performed in triplicate. The Affymetrix data from male and female brain samples at stage 29 were generated by Seoulin Bioscience (Seoul, Korea). Five to 8 brain samples identified as male or female by genetic sexing were pooled and homogenized. Total RNA (4 μg) from the pooled samples was used for labeling. Probe synthesis from the total RNA samples, hybridization, detection, and scanning were performed according to standard Affymetrix protocols. Briefly, cDNA was synthesized using a One-Cycle cDNA Synthesis Kit (Affymetrix; Lee et al., 2007) . Single-stranded cDNA was synthesized using Superscript II reverse transcriptase and T7-oligo(dT) primers (Invitrogen, Carlsbad, CA) at 42°C for 1 h. Double-stranded cDNA was obtained using DNA ligase, DNA polymerase I, and RNase H at 16°C for 2 h, followed by treatment with T4 DNA polymerase at 16°C for 5 min. After cleanup with a Sample Cleanup Module (Affymetrix), the double-stranded-cDNA was used for in vitro transcription (IVT). Complementary DNA was transcribed using an Affymetrix GeneChip IVT Labeling Kit (Lee et al., 2007) in the presence of biotin-labeled cytidine 5′-triphosphate and uridine 5′-triphosphate. Next, the biotin-labeled IVT-RNA was fragmented. The fragmented cRNA was then hybridized to the GeneChip Chicken Genome Array at 45°C for 16 h according to the manufacturer's instructions. After hybridization, the arrays were washed in a GeneChip Fluidics Station 450 with a nonstringent wash buffer at 25°C, followed by a stringent wash at 50°C. After washing, the arrays were stained with a streptavidin-phycoerythrin complex, and the intensities were determined with a GeneChip scanner controlled by GeneChip Operating Software (Affymetrix).
Data Analysis
The quality of the array image was assessed as described in the Affymetrix GeneChip expression analysis manual. All arrays were processed using a robust multiarray average (Irizarry et al., 2003) using the R package Affy (Gautier et al., 2004) . Expression values were computed in detail from the raw CEL files by applying the rate monotonic analysis (RMA) model of the probe-specific correction of perfect-match probes. The corrected probe values were then subjected to quantile normalization, and a median polish was applied to compute 1 expression measure from all probe values. The resulting RMA expression values were then base-2 logarithm-transformed. The individual gene expression levels from the stage 29 male and female brains were compared using an unpaired Student's t-test; the Benjamini-Hochberg correction for the false discovery rate (FDR) was used for all probe-level normalized 
Building a Co-Expression Network
To construct a comprehensive gene network in a reference chicken, we used a data set consisting of 65 Affymetrix GeneChip Chicken Genome Arrays derived from various samples, including 10 heart, 10 brain, 9 liver, 12 uterus, 6 embryo, and 15 germline tissue. Expression values were computed in detail from the raw CEL files by applying the RMA model (Gautier et al., 2004) implemented in Affy (Irizarry et al., 2003) . The resulting gene expression data were suitably quantified and normalized. Next, the absolute value of the Pearson correlation coefficient was calculated for all pairwise comparisons of gene expression across the gene expression profiles. The Pearson correlation matrix was then transformed into an adjacency matrix by taking the similarity adjacency function, which is the signum function with a thresholding parameter τ: Using this function, we could identify nodes and edges for the genes with τ set to 0.9. With a ij set equal to 1 in this matrix, genes i and j may be regarded as connected (for details, see Zhang and Horvath, 2005) . From this adjacency matrix, we identified directly connected neighbors for the differentially expressed genes in the embryonic brain. All calculations were done using the Statistical Program R (http://www.r-project. org/). The co-expression network was visualized with Cytoscape (Shannon et al., 2003) .
Quantitative Real-Time PCR
To independently confirm the validity of our microarray data, we used different sets of samples from those used for the microarray. Male and female brain samples identified by genetic sexing were pooled (2 to 4 embryos) and homogenized. Next, 1 μg of total RNA from the pooled samples was used to create singlestranded cDNA using the Superscript III First-Strand Synthesis System (Invitrogen). Real-time PCR was performed using the iCycler iQ real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA) and SYBR Green1 (Sigma, St. Louis, MO). Nontemplate wells without cDNA were included as negative controls. Each test sample was run in triplicate. The PCR conditions were 94°C for 3 min followed by 40 cycles at 94°C for 30 s, 59 to 61°C for 30 s, and 72°C for 30 s using a melting curve program (increase in temperature from 55 to 95°C at a rate of 0.5°C per 10 s) and continuous fluorescence measurement. The results are reported as the relative expression after normalization of the transcript to glyceraldehyde-3-phosphate dehydrogenase (GAPDH; endogenous control; Wade et al., 2005) and the 6-d embryonic female brain as a calibrator using the 2 -ΔΔCt method (Livak and Schmittgen, 2001 ). Based on our results, hierarchical clustering was performed. 
RESULTS
Identification of Differentially Expressed Genes by Microarray Analysis
A microarray analysis was performed to identify differentially expressed genes in male and female brains collected from chick embryos at stage 29 (6 to 6.5 d of incubation). The raw expression levels were corrected and normalized using the RMA function with the package Affy. Genes were identified as differentially expressed if their expression changed by at least 2-fold and had a FDR-adjusted P-value <0.01 using an unpaired Student's t-test. In total, 209 differentially expressed genes were identified, including 42 upregulated genes in the female embryonic brain and 167 upregulated genes in the male embryonic brain. Of the female-enhanced genes, 10 genes were located on chromosome W, 5 genes were located on chromosome Z, and 27 genes were located on autosomes or unknown chromosomes. Of the male-enhanced genes, 154 genes were located on chromosome Z, whereas 13 genes were located on autosomes or unknown chromosomes. All of the differentially expressed genes are listed in Tables 1 and 2 .
We used the statistical independence test to analyze the number of genes expressed on a sex chromosome (W or Z) and the number of genes expressed on autosomes. Fisher's exact test was used to examine the significance of the association between 2 variables in a 2 × 2 contingency table. We then examined the numbers of female-enhanced genes on chromosome W and maleenhanced genes on chromosome Z and found that the differentially expressed genes were significantly clustered on the sex chromosomes (Table 3) .
We also performed a gene co-expression network analysis and identified a set of 7 correlated male-enhanced genes (LOC427365, LOC426805, WDR36, LOC427206, LOC427163, RCJMB04_18e19, and LOC427364) and the female-enhanced gene ChEST987n15 as significantly interacting with another set of genes (Figure 1 ). In addition, we validated most of the differentially expressed genes using quantitative real-time PCR.
Microarray Data Confirmation by Quantitative Real-Time PCR
To confirm the efficacy of our microarray system and to investigate the stage-specific expression patterns of the identified genes, we used quantitative real-time PCR. We randomly selected a small number of genes from the microarray data (2 autosomal or unknown chromosome genes and 20 sex chromosome genes) and verified them using quantitative real-time PCR.
Sequence-specific primers (Table 4) were designed using the program Primer3 (http://frodo.wi.mit.edu/). Our results indicate that the expression patterns of all 22 genes selected, except for LOC427206, agreed with those observed in our microarray data, and we found a significant difference (more than 2-fold) between the female and male stage 29 (6 to 6.5 d of incubation) embryonic brain samples. Figure 1 . Co-expression network based on selected genes from the microarray data. From this adjacency matrix, we identified neighbors directly connected to differentially expressed genes identified in the embryonic brain using Cytoscape (Shannon et al., 2003) . Red circles indicate the female-enhanced genes while blue circles denote the male-enhanced genes. The green line indicates synergistic expression, whereas the pink line denotes negative expression between connected circles. The box indicates candidate interacting genes (LOC427365, LOC426805, WDR36, LOC427206, LOC427163, RCJMB04_18e19, LOC427364, and ChEST987n15). We also investigated the quantitative stage-specific expression patterns of all of the selected genes. Based on our quantitative real-time PCR data, hierarchical clustering was performed (Figure 2) . Figure 3 shows the quantitative stage-specific expression patterns for the selected genes. Furthermore, the quantitative stagespecific expression patterns determined by real-time PCR allowed us to categorize the selected genes into 2 groups based on their expression. Of the female-enhanced genes, ChEST38i14, LOC427134, ChEST12613, SPIN, LOC430910, and LOC425502 showed similar expression patterns. The expression of these genes increased progressively from d 4 to hatching in the female brain, although it was downregulated transiently in the 6-d embryonic brain in females, and the expression of some genes (ChEST38i14, ChEST12613, and WPK-CI-8) peaked in the hatched brain. All of the male-enhanced genes showed similar expression patterns. These genes gradually decreased from d 4 until hatching. The gene LOC427206 was expressed in the males, whereas its expression was upregulated in the female hatched brain. The gene RCJMB04_15b4 was not expressed in males or females; however, transcripts were activated in the female hatched brains.
DISCUSSION
Until recently, many researchers believed that the classic theory of gonadal hormone dependence for brain sexual differentiation constituted the only mechanism. According to this theory, the embryonic brain is exposed to hormones, presumably produced by the developing gonads, which organize the neural tissue to react in a specific way to hormones later in life. This implies that gonadal hormones are responsible for inducing brain sexual differentiation. By acting during critical periods of neural development, testosterone and its metabolites cause male and female brains to develop differently. The role of testosterone, acting directly on the brain or after its conversion to estradiol, has been well studied and shown to have a considerable effect on the development of sex-specific structures by organizing the neural circuitry to promote typical male behavior in mammals (Negri-Cesi et al., 2004) . Genetic studies in avian models, including chickens, have shown that sex determination is not as extensive as in other animal models, and there is no clear model for studying avian sex-determination genes. After sex is determined, the hypothalamus-pituitary-gonad axis is activated, and steroid hormone levels increase during the last half of incubation. Estradiol acts as a demasculinization factor in females in avian models, including chickens (Ottinger, 1989) .
However, the belief that sexual differentiation of the brain depends on gonadal hormones alone has been challenged. For example, in the mouse embryonic brain, microarray analysis was used to examine the possibility of a direct genetic effect on brain sexual differentiation that precedes the effect of gonadal hormones. Several genes that were differentially expressed in male and female mouse brains were found, suggesting that these genes have causative roles in sex differences in neural function or development (Dewing et al., 2003) . Scholz et al. (2006) used cDNA microarray analysis to investigate whether there were gene expression differences between male and female embryonic brains that may be independent of the morphological differentiation of the gonads. They reported evidence for sex-related gene expression differences from d 4 through 10 in chicken embryos for several genes located on sex chromosomes. They also proposed that intrinsic genetic mechanisms were involved in the sexual differentiation of the chicken brain and that sex-linked genes play key roles. Three of those genes (AWBT, SPINW, are located on chromosome W, whereas 61 genes are on chromosome Z, based on cDNA microarray analysis. Of the 3 genes identified on chromosome W, SPINW and WPKCI-8 concurred with our results, whereas AWBT Figure 2 . Hierarchical clustering based on the relative expression levels of genes selected from the microarray data using quantitative real-time PCR. From the microarray data, the 23 genes selected as being female-or male-enhanced at stage 29 (6 to 6.5 d of incubation) were confirmed by quantitative real-time PCR using male and female 4-(4), 6-(6), and 8-d (8) chicken embryonic brains and hatched chicken brains (H). All reactions were conducted in triplicate. The colors represent the relative expression levels of each gene, with red indicating higher expression and green denoting lower expression. Black indicates the control group normalized for the relative quantification of gene expression.
was not identified in our study; however, another 8 genes located on chromosome W were identified. In the zebra finch song system, the presence of testicular tissue in genetic females does not induce masculine development of the song system. In addition, fadrozole (an aromatase inhibitor) does not inhibit masculinization of the song system. Wade et al. (1999) suggested that hormones from the developing gonads were not related to sexual differentiation. For the same gonadal hormonal environment, Agate et al. (2003b) analyzed the influence of genetic sex using rare bilateral gynandromorphic zebra finches. According to their results, the gonadal and brain phenotypes in the finches, in which the right half of the brain is genetically male and the other half is genetically female, were different, suggesting that the genetic sex of the brain cells contributes to sexual differentiation.
Another notable result from our study is that the 154 genes identified as male-enhanced on chromosome Z might be less effective in dosage compensation. In mammals with heteromorphic sex chromosomes, dosage compensation of sex chromosome genes has evolved to balance the expressed dose of X-linked genes; however, sex chromosome dosage compensation is ineffective in aves (Itoh et al., 2007) . In the present study, the female or female-enhanced genes were more highly expressed than the male-enhanced genes. This may occur because the homogametic males do not contain chromosome W, whereas the heterogametic females contain chromosomes Z and W, which have not been fully characterized and contain many repeats and gaps. Indeed, in microarray studies of sex-specific expression, heterogametic male-enhanced genes in mice and female chickens were more highly expressed than homogametic female genes in mice and male chickens (Dewing et al., 2003; Scholz et al., 2006) , whereas female-enhanced genes were more highly expressed than male-enhanced genes (Scholz et al., 2006) . Agate et al. (2003a) hypothesized that the functional difference between CHD1Z and W reflects a difference in their promoter regions, and they showed that the CHD1Z and W promoters have different CpG island properties and different transcription factor recognition sequences. The CpG island in CH-D1Z contains a greater number of CpG dinucleotides compared with CHD1W. Similar to the Z-W paired genes in avian species, several mammalian genes have more CpG dinucleotides on the X chromosome than on the Y chromosome (Agate et al., 2003b) .
Of the genes identified in our analysis, the gene encoding spindlin on the Z chromosome (chSpin-Z) is transcribed in various tissues, including the testis. Although the gene encoding spindlin on the W chromosome (chSpin-W) is transcribed most prominently in the ovary, its mRNA exists in somatic cells surrounding Figure 3 . Overview of the relative expression levels of the differentially expressed genes using quantitative real-time PCR. The dark and light bars represent males and females, respectively. The genes were selected as female (A) or male (B) from the microarray data. All reactions were conducted in triplicate and normalized for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression. In addition, each of the relative values were divided by the value for the 6-d embryonic female brain; thus, the relative expression level corresponds to the n-fold expression difference compared with the 6-d embryonic female brain (calibrator). Error bars indicate the SE of triplicate analyses. the oocyte. During the meiotic division of mouse oocytes, some spindlin is localized to the meiotic spindle, whereas chicken spindlin stays on the chromosomes throughout mitosis (Itoh et al., 2001; de Kloet and de Kloet, 2003) . The gene PKCIW (also known as Wpkci or ASW) is expressed in the genital ridge in female Overview of the relative expression levels of the differentially expressed genes using quantitative real-time PCR. The dark and light bars represent males and females, respectively. The genes were selected as female (A) or male (B) from the microarray data. All reactions were conducted in triplicate and normalized for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression. In addition, each of the relative values were divided by the value for the 6-d embryonic female brain; thus, the relative expression level corresponds to the n-fold expression difference compared with the 6-d embryonic female brain (calibrator). Error bars indicate the SE of triplicate analyses. chicken embryos before sexual differentiation and has been proposed as a candidate W-linked gene involved in sex determination (Hori et al., 2000; O'Neill et al., 2000; Smith and Sinclair, 2004) . The pelota (also known as Pelo) gene was originally identified as part of a screen for spermatogenesis-specific genes in Drosophila melanogaster and is widely expressed in human and murine tissues, as well as during embryonic development. It has been found that Pelo controls germline stem cell self-renewal by repressing Bam-independent differentiation, possibly via the regulation of translation. Because Pelo is conserved from Drosophila to mammals, it could also be involved in regulating germline stem cell self-renewal in mammals (Kuriyama et al., 1990; Shamsadin et al., 2000 Shamsadin et al., , 2003 Xi et al., 2005) . Centrins, members of the EF-hand superfamily that are closely related to calmodulin, are part of the centrosome structure and are essential components of the centriole duplication process. They appear to be expressed ubiquitously and localize to the half-bridge of the spindle pole body that crosses the nuclear envelope (Marshall et al., 2001; Paoletti et al., 2003) . Furthermore, we identified genes (LOC427365, LOC426805, WDR36, LOC427206, LOC427163, RCJMB04_18e19, LOC427364, and ChEST987n15) that interact with other selected genes from our microarray data (Figure 1 ). These genes may have a direct role in the genetic control of sexual differentiation and neural development in the early embryonic brain.
We focused our study of differentially expressed genes in the brain on a set of genes found in male and female chick embryo brains at stage 29, when bipotential, undifferentiated gonads exist and before the influence of gonadal hormones. Our study constitutes a step forward in clarifying the mode of action of gene expression in the sexual differentiation of the brain during chick development. Our results suggest a direct role for genetic control in brain sexual differentiation and increase our understanding of the nonhormonal mechanisms that induce sexually dimorphic neural development in males and females.
